Multiscale Simulation, Data Assimilation, and Forecasting in Support of the SPURS-2 Field Campaign
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Surface current speed (indicated by colors; scale is top left) and direction (arrows) as seen in the SPURS-2 visualization system. The fields are taken from the SPURS-2 forecast, valid at 03:00 UTC, November 11, 2017.
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INTRODUCTION
The Salinity Processes Upper-ocean Regional Study (SPURS) was designed to examine processes affecting near-surface salinity. The first phase (SPURS-1) focused on the salinity maximum of the North Atlantic during 2012-2013 (Lindstrom et al., 2015) , and the second phase (SPURS-2) on the low-salinity region of the eastern tropical Pacific during 2016 (SPURS-2 Planning Group, 2015 . In SPURS-2, the simulation, data assimilation, and numerical forecasting effort was identified as an integral component. We present here the activities, results, and lessons learned related to this effort.
During the SPURS-1 field campaign, we developed a simulation, data assimilation, and forecasting system for the modeling component of the program. The system provided daily analyses and forecasts of salinity extreme values, filaments, and eddies and showed encouraging skill, as the analyses and forecasts were very useful in guiding the use of the ship to map transient salinity features (Lindstrom et al., 2015) . The modeling results were also used for interpreting observations (Busecke et al., 2014) . The success of this effort led to the system's use as part of a fully integrated observing and modeling program in SPURS-2 (SPURS-2 Planning Group, 2015).
OBJECTIVES AND SUPPORTING ACTIVITIES
The specific goal of the SPURS-2 field program is to understand the structure and variability of upper-ocean salinity beneath the Intertropical Convergence Zone (ITCZ; SPURS-2 Planning Group, 2015) . Frequent heavy rainfall in the Pacific's ITCZ is a major source of freshwater input to the ocean, and it contributes to the large-scale pattern of low sea surface salinity in the region. SPURS-2 was designed to study physical processes, from small-scale rainfall events Rutledge et al., 2019 , both in this issue) and fresh puddles , in this issue) to large-scale upwelling of salty water and advection by the equatorial current systems (Guimbard et al., 2017; Melnichenko et al., 2019, in this issue) , and their contributions to the formation and disappearance of the low sea surface salinity (SSS) band that stretches across the tropical Pacific. The comprehensive SPURS-2 "sensor web" , in this issue) included a central mooring that provided a yearlong time series of air-sea fluxes (Farrar and Plueddemann, 2019, in this issue ). An array of Wave Gliders and Seagliders (Rainville et al., 2019 , in this issue) sampled around the central, north, and south moorings to resolve horizontal gradients and horizontal and vertical structures of the upper ocean (Eulerian component). Surface drifters, Argo floats, and a mixed layer float (MLF) formed the core of a Lagrangian component, resolving the regional circulation and properties, the advection and dispersion of the freshwater, and the physical processes in the upper-ocean boundary layer (Lindstrom et al., 2017; Shcherbina et al., 2019, in this issue) . Extensive shipboard measurements were collected during the deployment and recovery cruises in the summers of 2016 and 2017. The multiscale modeling system was used to guide and complement the intense ship-based measurements required to resolve the small temporal and spatial scales of rain events and to support interpretation of long-term measurements.
Before the field experiment, the multiscale modeling system was used to produce a multiyear simulation to characterize the seasonality of upper-ocean salinity, eddy kinetic energy, and other variables, and to identify major features and processes that control the region's upperocean salinity at different spatial and temporal scales. We produced a variety of animations that were used repeatedly by the SPURS-2 investigators, in particular, to create a holistic picture of multiscale features and their variabilities in the region. This simulation was also useful for cruise planning, and as a natural run for performing a variety of Observing System Simulation Experiments (OSSEs) to optimize the observing system.
During the field experiment, we provided daily real-time analyses and forecasts using a multiscale data assimilation (MSDA) system. By assimilating SPURS-2 measurements along with those from operational observing networks such as Argo floats and satellite SSS, sea surface temperature (SST), and sea surface height (SSH), the system produced skillful forecasts. The results were delivered to SPURS-2 investigators in three ways:
ABSTRACT. A multiscale simulation, data assimilation, forecasting system was developed in support of the SPURS-2 (Salinity Processes in the Upper-ocean Regional Study 2) field campaign. Before the field campaign, a multiyear simulation was produced for characterizing variabilities in upper-ocean salinity, eddy activity, and other parameters and for illustrating major processes that control the region's upper-ocean salinity at different spatial and temporal scales. This simulation assisted in formulating sampling plans. During the field experiment, the system integrated SPURS-2 measurements with those from routine operational observing networks, including Argo floats and satellite surface temperatures, salinities, and heights, and provided real-time skillful daily forecasts of ocean conditions. Forecast reports were prepared to summarize oceanic conditions and multiscale features and were delivered to the SPURS-2 chief scientist and other SPURS-2 investigators through the SPURS-2 Information System. After the field experiment, the data assimilation system was used to produce a reanalysis product to help quantify contributions of different processes to salinity variability in the region. FIGURE 1. Forty-eight-hour forecast of sea surface temperature, sea surface salinity, surface velocity, and sea surface height valid at 03:00 UTC, October 20, 2017. The forecast is produced using the multiscale data assimilation and forecasting system for SPURS-2. The six-point stars indicate the location of the central mooring. The high salinity filament south of the central mooring is likely real. It is part of an anticyclonic eddy south of the SPURS-2 site. The cyclonic eddy is real as the track of one drifter has shown.
• As the cruises proceeded, brief analysis and forecast reports were prepared to summarize oceanic conditions crucial for SPURS-2. This information was delivered to the SPURS-2 chief scientist and the data management support team on the cruise and to other SPURS-2 investigators through email.
As an example, Figure 1 shows the 48-hour forecast that was used in the brief report prepared on October 18, 2017, and valid for October 20.
• A subset of the model data assimilation analysis and forecast outputs were posted on the SPURS-2 website (https://ourocean3.jpl.nasa.gov/ spurs2/ visual.php). The web page allows users to browse and visualize the analyses and forecasts interactively. The title page image for this article is a screenshot of the visualization page, which displays surface velocity and direction and allows users to zoom in, overlay different data sets, and perform many other analysis tasks, as described by Bingham et al. (2015) .
• We provided a set of compressed files that included subsets of the model data assimilation analysis and forecast outputs along with atmospheric forecasts and satellite data. This allowed SPURS-2 investigators to gain awareness of current and future oceanic and atmospheric conditions in a size that they could download within the bandwidth constraints of the ship. After the field experiment, the data assimilation system was used to produce a reanalysis product that quantifies contributions of different processes to the region's salinity variability. The model output is available to SPURS-2 investigators and the broader community through the SPURS-2 website to enable various diagnostic analyses.
MODELING AND DATA ASSIMILATION
As discussed above, the SPURS-2 field campaign was designed to study physical processes from small to large scales. Thus, we configured the modeling system to represent those scales to a maximum degree. The SPURS-2 model resolves the submesoscale down to a few kilometers because intense vertical velocities associated with submesoscale flows can play an important role in vertical mixing (McWilliams, 2016) .
Modeling System
The modeling system was based on the Regional Ocean Modeling System (ROMS; Shchepetkin and McWilliams 2005) . ROMS solves the primitive equations in terrain-following coordinates using the full equation of state for seawater (Shchepetkin and McWilliams, 2011) . For SPURS-2, ROMS was configured with a set of nested domains as shown in Figure 2 . The large-scale ROMS domain covers the tropical and subtropical eastern North Pacific, an area of about 4,000 km × 3,500 km, centered at the SPURS-2 location near (10°N, 125°W). This domain satisfies the requirement to realistically reproduce flow features associated with equatorial upwelling, tropical instability waves (TIWs), and observed high and low salinity bands (Fiedler and Talley, 2006; Guimbard et al., 2017; Melnichenko et al., 2019, in this issue) . The model domain has a meridional scale much larger than the width of the fresh SSS band centered around 10°N, with a spatial resolution of 9 km.
Two smaller ROMS domains with increasing spatial resolution, 3 km for the middle domain and 1 km for the small domain, are nested within this large- scale domain. The 3 km and 1 km ROMS domain sizes were selected based on our experience with SPURS-1 and recent studies that show the importance of submesoscale circulations at spatial scales in a range from a few kilometers to tens of kilometers in the region (Su et al., 2018) . The goal for these nested domains was to resolve horizontal spatial scales in the range of a 1-2 km to a few hundreds of kilometers, thus encompassing the mesoscale and submesoscale. In the vertical, there are 52 levels, with a grid spacing of about 2 m near surface. These fine resolution models allow us to effectively assimilate the SPURS-2 measurements from ship-based instruments, including underway thermosalinographs, mooring profilers, acoustic Doppler current profilers (ADCPs), XBT/XCTD/UCTD transects, Seagliders, salinity drifters, floats, Wave Gliders, and others.
Rainfall at the SPURS-2 location tends to be associated with isolated convection systems, and thus can be very patchy Rutledge et al., 2019 , both in this issue). Patchy and heavy rainfall results in surface puddles with sharp lateral boundaries (Drushka et al., 2019, in this issue) . If concentrated within a small patch, baroclinic and barotropic responses to such concentrated freshwater fluxes would be expected.
To derive the rainfall and other atmospheric forcing, we used analyses and forecasts from the medium-range Global Forecast System (GFS) at NOAA's National Centers for Environmental Prediction (NCEP). The NCEP GFS has an equivalent horizontal resolution of about 18 km. At this resolution, the forecasts are made out to seven days. Our experience with the US west coast region shows that the atmospheric forcing at this resolution for driving the ROMS model is adequate. However, this resolution was not sufficient to resolve rainfall distributions associated with isolated convection systems. Thus, patchy and heavy rainfall that leads to surface puddles with sharp lateral boundaries is not represented in the ROMS simulation.
Data Assimilation
We implemented an MSDA scheme to assimilate not only observations from SPURS-2 but also those from routine and operational observing networks (Li et al., 2015a,b) .
Observations
During the past two decades, both satellite remote sensing of the marine environment and in situ underwater autonomous vehicle technologies have been advancing at an unprecedented pace. Based on these technologies, a variety of observing networks has been established. Data sets based on these networks are routinely available, often in real or near-real time. We briefly summarize the routinely available observations that are assimilated into the model.
Temperature/salinity vertical profiles are provided by the global Argo float network and the Tropical Atmosphere Ocean (TAO) mooring array. Although the Argo profiles are spatially and temporally sparse, they allow production of a suite of monthly average data sets. We assimilated data from version 4 of the Met Office Hadley Centre ''EN'' series (Good et al., 2013) , which resolves three-dimensional T/S fields on spatial scales larger than 300 km and thus can be used to constrain the model bias.
There are three to five altimetry satellites in orbit simultaneously. Collectively, the measurements from these satellites are able to resolve SSH spatial scales larger than 150 km in global averages and larger than 250 km in the tropics (e.g., Chelton et al., 2007; Pujol et al., 2016) . The altimetry satellites thus constitute a large mesoscale observing network. Daily SSH maps can be generated by merging SSH measurements from all these satellites. Daily maps produced by the AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic data) project (Pujol et al., 2016) were also assimilated into the SPURS-2 ROMS.
Satellite remote sensing has provided accurate global SSTs for many years. SSTs measured by satellite microwave sensors have a spatial resolution of 25 km, and those measured by infrared (IR) sensors have a spatial resolution of about 1 km. SST measurements are available up to a couple of times daily. The IR SSTs allow resolution of features down to the submesoscale.
Currently, two satellites measure SSS using passive microwave sensors that offer relatively low spatial resolution due to the longer wavelength of microwaves. Together, the measurements allow the generation of daily maps at a spatial resolution on the order of 0.5 degrees.
As described above, a web of SPURS-2 sensors provided a wide range of measurements , in this issue) in real time. We assimilated all the available T/S measurements and processed them in real time.
Data Assimilation Method
Because the model encompasses a wide range of temporal and spatial scales, an MSDA scheme is used to constrain all the various scales using observations at disparate resolutions (Li et al., 2015a,b) . Briefly, the model state at a given time can be written as a vector, consisting of three-dimensional values of temperature, salinity, velocity components, and twodimensional SSH at all model grid points. A standard three-dimensional variational data assimilation (3DVAR) algorithm can then be used to find a solution that minimizes a cost function associated with these variables, and the obtained solution is known as an optimal estimate.
In the standard 3DVAR, the cost function applies to all spatial scales. However, Li et al. (2015a,b) show that 3DVAR has deficiencies when it is applied to a high-resolution model, such as the SPURS-2 model, that encompasses a wide range of spatial scales. Therefore, a multiscale 3DVAR (MS-3DVAR) was formulated to apply 3DVAR to distinct spatial scales, which were then estimated sequentially. MS-3DVAR suppresses scale aliasing, incorporates a scale-dependent dynamic balance, and mitigates the ineffectiveness of 3DVAR in the assimilation of high-resolution observations along with sparse and low-resolution satellite observations. More details can be found in Li et al. (2015b) . With this MS-3DVAR, all the observations described in the above Observations section were effectively assimilated simultaneously.
PERFORMANCE OF THE REAL-TIME ANALYSIS AND FORECASTING SYSTEM
The data assimilation and forecasting system was developed before R/V Roger Revelle initially sailed to the SPURS-2 region on August 12, 2016. Using the system, we produced ocean state analyses and forecasts out to three days on a daily basis from August 12, 2016, until the end of the SPURS-2 campaign on November 30, 2017. The evaluation will focus on a time period of eight months from March 31 through November 30, 2017, and forecasts from 24 to 48 hours.
Mesoscale Eddies
Prediction of mesoscale eddies and other mesoscale features is one of the most important objectives of the SPURS-2 modeling effort. In the sea surface height map shown in Figure 1 , energetic eddies with diameters of several hundred kilometers are located near the equator and down to tens of kilometers at the latitude of the SPURS-2 mooring site and further north. The currents associated with these eddies horizontally advect and mix water masses of different salinity. They also impact the trajectories of observing platforms such as drifters and floats, and thus need to be considered when deploying some platforms, particularly the SPURS-2 array of Lagrangian platforms (Lindstrom, et. al., 2017; Shcherbina, et al. 2019, in this issue) . Figure 3 gives an example comparison of the daily mean of the model forecast with the AVISO daily SSH. It shows that all the major mesoscale features are comparable between the AVISO data and model forecast SSHs. The spatial correlation between the daily AVISO SSH and the model forecast daily mean SSH is close to or above 0.9 on a daily basis, and the root-mean-square error (RMSE) is smaller than 0.045 m. A correlation of larger than 0.9 indicates that the model forecasts realistically reproduce the location and spatial structure of major mesoscale features. The AVISO SSH resolves eddies down to 250 km in size (Pujol et al., 2016) , and thus SSH features of spatial scales smaller than 250 km account for the major part of the RMSE. Because the amplitude of mesoscale eddies in the region is on the order of 0.5 m (Farrar and Weller, 2006) , the evaluation indicates that the model forecasts at least accurately reproduce mesoscale eddies that the AVISO SSH can resolve.
Velocities Near the Surface
Velocity forecasts were of particular importance to the SPURS-2 field campaign for determining the timing of and locations for the release of the Lagrangian component. However, the forecast of near surface velocities is a continuing challenge to a data assimilation and forecasting system. During the campaign, 131 surface drifters drogued at depths of 15 m were used. Among them, 123 were deployed by a group from Scripps Institution of Oceanography (SIO), six were launched by a group from NOAA's Atlantic Oceanographic and Meteorological Laboratory (AOML) (Lindstrom et al., 2017) , and two were drawn from NOAA's operational drifter network. The drifter data collected between March 31 and November 30, 2017, were used whenever the drifters were located in the 3 km resolution model domain (Figure 2 ). Velocities were calculated between individual, usually 30-minute, fixes. The daily average of the 3 km 24-hour forecast ROMS velocities at 15 m depth were computed and compared to daily averaged drifter velocities. Model velocities were linearly interpolated in space to the locations of the daily averaged drifter locations to determine matchup values. Figure 4 shows histograms of the differences between the drifter and the model velocities and gives median differences. The velocity forecast does not indicate any significant bias. The root-mean square of the difference is 0.15 m s -1 for the zonal component and 0.12 m s -1 for the meridional component. The average drifter velocity during the period of time is 0.75 m s -1 for the zonal component and 0.45 m s -1 for the meridional component, so the error is about 20% to 25%.
As a reference, the comparison between the drifter velocities and the SCUD (Surface CUrrents from a Diagnostic model) data product is also given in Figure 4 . SCUD is an estimate of upper-ocean velocities computed from a diagnostic model. SCUD uses satellite wind and altimetry, regressed locally with available drifter data, to expand the latter onto a global, ¼-degree daily grid. The values given are best estimates of currents at 15 m (Maximenko and Hafner, 2010) . The root mean square of the difference between the SCUD and drifter velocity is 0.22 m s -1 for both zonal and meridional components. The results presented in Figure 4 indicate that forecast velocities near the surface from a high resolution model with data assimilation can have an accuracy better than those derived purely from observations. As discussed in the Mesoscale Eddies section, the SSH fields related to large-scale eddies from the model forecast are very close to AVISO SSH fields. Because the geostrophic velocities derived from the AVISO SSH are used in the calculation of the SCUD velocity, the velocity fields related to large-scale eddies are close to each other, between those from the ROMS model and the SCUD data. Therefore, the better accuracy of the model velocity results primarily from the small scales that are not resolved by the AVISO SSH but are resolved by the high resolution model. During the field campaign, we made available real-time comparisons between drifter trajectories, SCUD data, and the model forecast velocities through a visualization page (https://ourocean3.jpl.nasa. gov/spurs2/visual.php). Those comparisons show that the model predicts eddies that the AVISO data cannot resolve.
Vertical Profiles
During the field campaign, a portion of observed T/S vertical profiles were not received or processed in real time. Thus, they were not assimilated into the model during the field campaign and are independent data that can be used for model evaluation. Figure 5 shows a comparison between the model forecast and observed T/S vertical profiles that were not assimilated. The observed profiles are from floats deployed by SPURS-2 investigators during the campaign.
The model forecast shows high skill in forecasting temperature profiles. The RMSE is less than 0.6°C at all depths. For the salinity profiles, a majority were accurately predicted with a RMSE of less than 0.05 psu. However, there is a group of vertical profiles from the model forecast that shows a significant salty bias near the surface. Those vertical profiles were mostly associated with extremely low values of salinity near the surface, which indicates that low salinity associated with heavy rains were not accurately predicted by the model.
SUMMARY AND DISCUSSION
Simulation, data assimilation, and numerical forecasting were identified as an integral component of SPURS-2. Thus, we developed an MSDA forecasting system to support the SPURS-2 field campaign. Before the field experiment, the system was used to produce a multiple year simulation and perform OSSEs to aid observing system design. During the field experiment, real-time data assimilation analyses and mesoscale and submesoscale forecasts were provided to SPURS-2 investigators on a daily basis. After the field experiment, models were used to produce a reanalysis product to further address SPURS-2 science questions.
The modeling system produced skillful data assimilation analyses and forecasts. The forecast SSH fields show that the major mesoscale features are comparable with the AVISO data (Figure 3) , indicating that the model forecasts at least accurately reproduce mesoscale eddies that the AVISO SSH can resolve. The skillful forecast of currents near the surface (Figure 4) is encouraging. A velocity error of less than 25% renders the current forecasts useful for planning work at sea. The forecast of temperature vertical profiles ( Figure 5) is highly accurate. The system accurately forecasts salinity vertical profiles in most of the locations, though extremely low salinity near the surface due to patchy rainfall is still challenging.
We emphasize that the skillful forecasts of mesoscale variability are not derived solely from the SPURS-2 observations, because the SPURS-2 observations took place in a localized area. It is the assimilation of data from routinely available observing networks, particularly satellite altimetry and the Argo network, that primarily constrain mesoscale variability. In fact, these routine observations can only constrain mesoscales down to about 250 km and render the forecast skillful at that scale. This result is of particular importance to the design of future field campaigns. A field campaign should be designed to provide observations that augment the routine observing networks to resolve smaller scales and higher frequency variability, and/or measure variables that the routine observing networks do not provide.
